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We previously reported that transgenic (Tg) mice expressing human angiotensin-converting enzyme 2 
(hACE2), the receptor for severe acute respiratory syndrome coronavirus (SARS-CoV), were highly susceptible 
to SARS-CoV infection, which resulted in the development of disease of various severity and even death in some 
lineages. In this study, we further characterized and compared the pathogeneses of SARS-CoV infection in two 
of the most stable Tg lineages, AC70 and AC22, representing those susceptible and resistant to the lethal 
SARS-CoV infection, respectively. The kinetics of virus replication and the inflammatory responses within the 
lungs and brains, as well as the clinical and pathological outcomes, were assessed in each lineage. In addition, 
we generated information on lymphocyte subsets and mitogen-mediated proliferation of splenocytes. We found 
that while both lineages were permissive to SARS-CoV infection, causing elevated secretion of many inflam¬ 
matory mediators within the lungs and brains, viral infection appeared to be more intense in AC70 than in 
AC22 mice, especially in the brain. Moreover, such infection was accompanied by a more profound immune 
suppression in the former, as evidenced by the extensive loss of T cells, compromised responses to concanavalin 
A stimulation, and absence of inflammatory infiltrates within the brain. We also found that CD8 + T cells were 
partially effective in attenuating the pathogenesis of SARS-CoV infection in lethality-resistant AC22 mice. 
Collectively, our data revealed a more intense viral infection and immunosuppression in AC70 mice than in 
AC22 mice, thereby providing us with an immunopathogenic basis for the fatal outcome of SARS-CoV infection 
in the AC70 mice. 


Severe acute respiratory syndrome coronavirus (SARS- 
CoV) emerged as a public health threat in November 2002, 
and by July 2003 this previously unknown virus had spread to 
29 countries in five continents. This outbreak resulted in more 
than 8,000 cases and 774 deaths and was accompanied by a 
devastating social, economic, and medical impact worldwide 
(15). It is generally believed that the reservoirs of SARS-CoV 
are the Chinese horseshoe bat ( Rhinolophus sinicus), palm 
civet cat, and other exotic animal species. These species are 
sold in markets as sources of food for human consumption and 
are believed to be responsible for the first cases in southern 
China (16, 20). Currently, it is a matter of debate as to whether 
SARS-CoV will make the transition from animals to humans 
or if such a transition will again result in a global pandemic. 
However, SARS-CoV and the conditions that fostered the first 
outbreak continue to exist in southern China, posing a threat 
for its reemergence. Thus, effective prophylactic or therapeutic 
strategies against SARS beyond supportive care are needed 
should reemergence of the virus occur in the future. 
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The exact mechanism of SARS pathogenesis remains un¬ 
known. Evidence has shown that SARS-CoV is transmitted by 
large droplets, likely via aerosol or fecal-oral routes, with the 
lungs being the main pathological target. SARS patients ex¬ 
hibited a wide-ranging clinical course, characterized mainly by 
fever, dry cough, dyspnea, lymphopenia, various degrees of 
pancytopenia, arterial hypoxemia, and rapidly progressing 
changes in chest radiography (15). Studies with postmortem 
lung tissues revealed diffuse alveolar damages, with prominent 
hyperplasia of pneumocytes, and an increased accumulation of 
activated macrophages. Strikingly, these pulmonary manifesta¬ 
tions usually occurred after the clearance of viremia and in the 
absence of infections by other opportunistic agents. The pul¬ 
monary damage in SARS patients could be caused directly by 
viral destruction of permissive alveolar and bronchial epithelial 
cells. Such a delay in revealing reactive hemophagocytosis and 
other pathological manifestations within the lungs of patients 
severely affected by SARS strongly suggested that overly in¬ 
tense host inflammatory responses to the infection may play a 
major role in the pathogenesis of SARS. The likelihood of 
SARS being an immune-mediated disease was further sup¬ 
ported by the highly elevated expression of various innate 
inflammatory cytokines in the circulation of SARS patients, a 
state commonly referred to as a “cytokine storm” (1, 3, 24, 30). 
However, in the absence of recurring SARS epidemics, an 
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animal model that mimics human disease is critical for defining 
the exact cellular and molecular basis of SARS pathogenesis, 
in order to develop effective preventive and therapeutic strat¬ 
egies against SARS. 

The animal species permissive for SARS-CoV infection in¬ 
clude mice (young and aged) and some of their derivatives, 
e.g., “knockout” and transgenic (Tg) mice, hamsters, ferrets, 
and various nonhuman primates. Unfortunately, infection in 
these animal models does not result in clinical diseases resem¬ 
bling those reported for human SARS cases (26,29), and in the 
case of primates, the costs of studying them are quite high. We 
have focused our studies on characterizing the pathogenesis of 
SARS-CoV infection in Tg mice expressing human angioten¬ 
sin-converting enzyme 2 (hACE2), the functional receptor of 
SARS-CoV (19), established in our laboratories. Our initial 
characterization from two different lineages of hACE2 Tg mice 
(AC70 and AC63) clearly demonstrated that the Tg expression 
of hACE2 makes the otherwise resistant mice highly suscepti¬ 
ble to SARS-CoV infection, resulting in an overwhelming in¬ 
fection, especially in the lungs and brains of both lineages, 
accompanied by a clinical illness of varying severity (32). Spe¬ 
cifically, mice of the AC70 lineage developed an acute wasting 
syndrome that resulted in 100% mortality within a week fol¬ 
lowing the infection, whereas AC63 mice eventually recovered 
from the diseases without suffering any mortality, despite pro¬ 
gressive weight loss and other signs of illness. Although SARS 
likely stems from an unregulated and often excessive inflam¬ 
matory response, the exact nature of the host responses and 
their correlation with the severity of the diseases associated 
with SARS-CoV infection are not entirely clear. The exhibition 
of such a strikingly different final outcome to SARS-CoV in¬ 
fection, i.e., lethal versus nonlethal, among lineages of hACE2 
Tg mice makes it useful for establishing the correlates between 
host responses and SARS pathogenesis. The small litter size 
and the inconsistent hACE2 expression in AC63 mice led us 
choose the other lethality-resistant hACE2 Tg lineage, AC22, 
for the subsequent characterization of host responses to 
SARS-CoV infection. 

In this study, we infected hACE2 Tg AC70 and AC22 mice 
with an equal amount of SARS-CoV (i.e., 10 6 50% tissue 
culture infective doses [TCID 50 ]) to compare the correlates 
between various aspects of host immune responses (e.g., proin- 
flammatory cytokines, modulation of lymphocyte subsets, and 
mitogen-induced proliferation of lymphocytes) and the 
pathogenesis of SARS-CoV infection. The data presented in 
this study extend our previously reported observations con¬ 
cerning the differential pathogenesis of SARS-CoV infec¬ 
tion in hACE2 Tg mouse lineages that are either highly 
susceptible or resistant to lethality following SARS-CoV 
infection. We believe that our results provide insight into 
the cellular and molecular basis of host immune responses 
relevant to the final outcome of murine SARS-CoV infec¬ 
tion. 

MATERIALS AND METHODS 

Mice. Tg mice expressing human ACE2 were generated as previously de¬ 
scribed (32). Among the five established Tg lineages, three (i.e., AC12, AC50, 
and AC70) and two (i.e., AC22 and AC63) were susceptible and resistant to 
lethality in response to SARS-CoV, respectively (Table 1). The tissue expression 
profiles of hACE2 in AC22 and AC70 mice were developed following semiquan- 


TABLE 1. Differential outcome of hACE2 Tg mouse lineage to 

SARS-CoV infection 


Transgenic 

lineage 

TCID 50 (log 10 ) 
of SARS-CoV 
(Urbani strain) 

Morbidity 
(weight loss, etc.) 

Mortality 

(%) 

Mean survival 
time (days p.i.) 

AC70 

3 

+ 

100 

6.2 

AC50 

3 

+ 

100 

6.9 

AC12 

3 

+ 

100 

4.5 

AC22 

6 

+ 

0 

a 

AC63 

6 

+ 

0 

— 


—, not applicable. 


titative reverse transcription-PCR (RT-PCR) by using hACE2-specific primers 
(forward, 5'-AGGATGTGCGAGTGGCTA-3reverse, 5'-AGGGCCATCAG 
GATGTCC-3'), as we previously described (35). For this study, we chose the 
AC70 and AC22 lineages, which are two of the most stable lines with regard to 
hACE2 expression, breeding efficiency, and litter size. 

In some experiments, CD8 + T-cell-depleted Tg AC22 mice were used for 
assessing the role of this T-cell subset in the host responses against SARS-CoV 
infection. To deplete CD8 + T cells, we injected (intraperitoneally [i.p.]) two 
doses (50 |xg/per dose, 3 days apart) of anti-mouse CD8 monoclonal antibody 
(clone 2.43) or an isotype-matched rat immunoglobulin G (IgG) antibody (clone 
SFR8) as controls. The extent of depletion was assessed at day 2 after the last 
antibody treatment by obtaining splenocytes and analyzing them for the presence 
of CD3 + CD8 + T cells by flow cytometry. To ensure a persistent state of cell 
depletion during the course of SARS-CoV infection, we treated Tg AC22 mice 
with either anti-CD8 antibody or control antibody at days —4, —1, +2, +5, and 
+ 8, where day 0 was defined as the time of SARS-CoV challenge. 

SARS-CoV and cells. The Urbani strain of SARS-CoV, kindly provided to us 
by T. G. Ksiazek, Centers for Disease Control and Prevention (Atlanta, GA), was 
used throughout this study. Vero E6 cells (ATCC) were used for virus infectivity 
assays. The original stock of SARS-CoV, designated passage 1, received two 
additional passages in Vero E6 cells. The titer of this last passage 3 was deter¬ 
mined and expressed as TCID 50 /ml, and the virus was stored at -80°C, and used 
throughout this study. All experiments involving infectious virus were conducted 
at the University of Texas Medical Branch, Galveston, TX, under an animal use 
and care protocol approved by the University of Texas Medical Branch IACUC 
in AALAC-accredited animal biosafety level 3 and biosafety level 3 laboratories. 

Infection of mice, body weight, illness score, and mortality. Anesthetized Tg 
mice, their non-Tg littermates, and CD8 + T-cell-depleted Tg mice, ranging from 
8 to 20 weeks of age, were infected intranasally (i.n.) with 60 pi of SARS-CoV 
in phosphate-buffered saline (PBS) that contained the indicated doses of infec¬ 
tious virus. Control mice were inoculated with the same volume of PBS. Infected 
mice were weighed daily to allow us to monitor disease progression. In addition, 
the severity of illness in infected mice was scored independently by two investi¬ 
gators who used a previously described (9), standardized l-to-5 grading system as 
follows: 0, healthy; 1, barely ruffled fur; 2, ruffled fur but active; 3, ruffled fur and 
inactive; 4, ruffled fur, inactive, and hunched; and 5, dead. In some experiments, 
infected mice were sacrificed at indicated time intervals to obtain lungs and 
brains for determining viral infectivity titers, staining for viral antigen by immu- 
nohistochemistry (IHC), profiling the inflammatory responses, and analyzing the 
histopathology. We also harvested the spleens of uninfected and SARS-CoV- 
infected Tg mice at days 2 and 4 in separate experiments to determine CD4 
T-cell, CD8 T-cell, B-cell, and non-T- non-B-cell subsets and their response to 
concanavalin A (ConA) stimulation as described below. 

Virus titers in the lungs and brains of infected mice. The lungs and brain 
specimens obtained from mice at the indicated time points after infection were 
weighed and homogenized in a PBS-10% fetal calf serum solution using the 
TissueLyser-Qiagen (Retsch, Haan, Germany) to yield 10% tissue suspensions. 
After clarification by centrifugation, serial 10-fold dilutions of the tissue suspen¬ 
sions were prepared and assayed in Vero E6 cells to determine viral titers (32). 
The titers of individual samples were expressed as TCID 50 per gram of tissues. 

IHC and histopathology. Lung and brain tissues, obtained as described above, 
were fixed in 10% neutral buffered formalin, embedded in paraffin, and pro¬ 
cessed for the subsequent IHC and histopathology studies, as described previ¬ 
ously (32). Briefly, 5-pm sections were used to detect the expression of SARS- 
CoV nucleocapsid (N) protein by using standard IHC by sequential incubation 
with rabbit-specific anti-SARS-CoV N protein antibody, phosphatase-conjugated 
secondary antibodies, and naphthol-fast red (as a substrate). Slides were coun- 
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terstained with hematoxylin, and antigen expression was examined under differ¬ 
ent magnifications. The hematoxylin-eosin-stained paraffin sections were used 
for routine histopathological studies. 

Cytokine and chemokine profiling. Gamma-irradiated lung and brain homog¬ 
enates were subjected to inflammatory profiling by using the 23-plex Cytometric 
Bead Array (Bio-Rad, Hercules, CA), as described previously (32). 

Flow cytometry and ConA-induced proliferation of splenocytes. Splenocytes 
were stained for fluorescein isothiocyanate- or phycoerythrin-conjugated anti- 
CD3, -CD4, -CD8, -B220, and -CD 14 and their corresponding isotype-matched 
control antibodies (all from CalTag Laboratories). These samples were then 
analyzed with FACScan and CelQuest software (BD Biosciences), as described 
previously (33). For determining the capacity of splenocytes to proliferate in 
response to mitogen stimulation, we cultured 2 X 10 5 cells/200 pi in triplicate in 
96-well, U-bottomed micro titer plates in the presence or absence of ConA (2.5 
pg/ml; Sigma-Aldrich) for 3 days. The cultures were pulsed with 1 pCi/well 
[ 3 H]thymidine (New England Nuclear) for the last 12 to 16 h in the culture. The 
total incorporation of [ 3 H]thymidine was determined by liquid scintillation 
counting and expressed as counts per minute (cpm) or stimulation index, which 
was calculated as total cpm of ConA-stimulated cells/total cpm of unstimulated 
cells. 

Statistical analysis. Statistical analyses were performed by using a two-tailed, 
unpaired Student t test. Unless otherwise indicated, means ± standard errors of 
the means are shown. 


RESULTS 

Differential susceptibility of hACE2 Tg mice of different 
lineages to SARS-CoV infection. Our observations on the 
pathogenesis of SARS-CoV infection in two different lineages 
of hACE2 Tg mice, i.e., the AC70 and AC63 lineages, were 
reported previously (32). We continued to characterize the 
remaining three lineages with regard to their susceptibility, 
clinical manifestations (i.e., ruffled fur, lethargy, rapid and 
shallow breathing, and weight loss), and mortality, if any. As 
summarized in Table 1, all Tg lineages established were highly 
susceptible to infection compared to their non-Tg littermates. 
Like that of AC70 mice, infection of AC50 and AC12 mice 
with 10 3 TCID 50 of SARS-CoV resulted in the mice develop¬ 
ing an acute wasting syndrome and eventually succumbing to 
the infection with a 100% mortality rate, with a mean survival 
time of less than 1 week postinfection (p.i.). While the 50% 
lethal dose of SARS-CoV for AC70 mice was approximately 
1.7 log units, the prospective 50% lethal doses for AC50 and 
AC12 mice were not determined, largely due to the scarcity of 
the available animals. In contrast to the lethality-susceptible 
lineages, AC22 mice, following infection with up to 10 6 TCID 50 
of SARS-CoV, survived despite exhibiting weight loss and 
other signs of clinical illness. Importantly, the transcriptional 
levels of hACE2 expression in various tissues of AC22 mice, 
especially those of the lungs and brain, were lower than those 
in Tg AC70 mice (Fig. 1). This observation was consistent with 
our earlier observation that Tg mice for which SARS-CoV 
infection was lethal (e.g., AC70 mice) had much higher levels 
of hACE2 expression than Tg mice for which infection was not 
lethal (e.g., AC63 mice) (32). 

Differential SARS-CoV-induced morbidity and mortality be¬ 
tween AC70 and AC22 mice. To further establish the possible 
correlates between host responses and such a strikingly differ¬ 
ent outcome of the infection, groups of 21 and 31 age-matched 
AC70 and AC22 mice, respectively, were inoculated (i.n.) with 
the same dose of SARS-CoV, i.e., 10 6 TCID 5O /60 |xl of SARS- 
CoV. Infected mice were monitored daily for morbidity and 
cumulative mortality, if any. In addition, three mice of each 
lineage were sacrificed at daily intervals until day 5 and three 



FIG. 1. Tissue expression profile of hACE2 in the Tg mouse lin¬ 
eages AC70 (A) and AC22 (B). DNA-free RNAs extracted from dif¬ 
ferent organs of Tg mice at 6 to 8 weeks of age were subjected to 
RT-PCR analysis to evaluate the expression of hACE2 mRNA. The 
RT-PCR products were analyzed on 2% agarose gels. The data shown 
are representative of two independently conducted experiments. 


AC22 mice were also sacrificed at days 6, 8,10, and 12, thereby 
allowing us to assess the infectivity titers of SARS-CoV in the 
lungs and brains, two of the most prominent tissues shown to 
support viral replication in our hACE2 Tg mice (32). As shown 
in Fig. 2, infected AC70 mice started to manifest various signs 
of illness, including ruffled fur, lethargy, rapid and shallow 
breathing, trembling, and immobility, accompanied by a relent¬ 
less weight loss, starting at day 3 p.i. The weight loss of infected 
AC70 mice at day 3 was approximately 15%, and it reached up 
to 20% of the animals’ total body weight before death by day 
6 p.i. Despite their susceptibility to the infection, as evidenced 
by the progressive weight loss, which could reach an average of 
about 30%, infected AC22 mice gradually regained the lost 
weight, starting at day 9 p.i. In addition, infected AC22 mice 
exhibited a much milder disease than the infected AC70 mice 
and eventually recovered without suffering any mortality, 
which suggested to us that this lineage was indeed resistant to 
lethal infection by SARS-CoV. 

Kinetics of viral replication in the lungs and brain. Based 
on the striking differences in the clinical symptoms as well as 
the mortality after SARS-CoV infection in AC70 and AC22 
mice, we compared the kinetics and distribution of SARS-CoV 
replication in the lungs and brains between these two lineages. 
Viral replication in the lungs reached a maximum at day 1 p.i., 
in which averages of 10 8 ' 5 and 10 8 ' 7 TCID 50 SARS-CoV/gram 
were recovered from AC70 and AC22 mice, respectively, and 
gradually declined thereafter (Fig. 3). However, at day 5 p.i. a 
significantly higher level of viral replication was sustained in 
the lungs of a single surviving AC70 mouse than in any AC22 
mice. A low-grade viral replication in the lungs of some in¬ 
fected AC22 mice continued until day 8 p.i. In contrast to the 
subtle dissimilarity of the viral replication in the lungs, the 
magnitudes and kinetics of viral infection within the brains of 
these two lineages were remarkably different. Specifically, a 
low level of infectious virus (~10 2 7 ) was first detected in the 
brains of infected AC70 mice at day 2. Viral replication within 
this tissue proceeded rapidly thereafter, reached a maximum of 
~10 8 TCID 50 /g at day 3, and remained prominent through day 


Downloaded from http://jvi.asm.org/ on March 25, 2015 by GEORGIAN COURT UNIV 





5454 


YOSHIKAWA ET AL. 


J. Virol. 


A —O— AC22 —AC70 Control 






Days after infection 



AC22 


AC70 



FIG. 2. Differential outcomes of SARS-CoV infection in AC70 and 
AC22 Tg mice. Groups of hACE2 Tg and age-matched non-Tg mice 
(control) (n = 14 to 31 mice/group) were infected intranasally with 10 6 
TCID 50 of SARS-CoV (Urbani strain). The severity of clinical illness, 
i.e., weight loss (A), average illness score (B), and cumulative mortality 
(C), of infected mice was recorded daily as described in Materials and 
Methods. Error bars indicate standard deviations. 


5, at which time a titer of ~10 7 TCID 50 /g was routinely recov¬ 
ered. In contrast, SARS-CoV replication in the brains of in¬ 
fected AC22 mice was relatively benign, in that a modest level 
of infectious virus (~10 4 ) was initially demonstrated on day 4 
and gradually declined to a barely detectable level at both days 
8 and 10 p.i. 

IHC and histopathology. The differential kinetics of viral 
replication and the final outcomes of SARS-CoV infection 
exhibited by AC70 and AC22 mice prompted us to investigate 
the temporal and spatial patterns of viral distribution and the 
pathological changes within the lungs and brains of infected 
animals. IHC staining for the SARS-CoV N protein clearly 
indicated that bronchiolar and alveolar epithelial cells and the 
neuronal cells were the primary targets of SARS-CoV infec- 


FIG. 3. Kinetics of viral replication in the lungs and brains of 
SARS-CoV-infected AC70 and AC22 mice. AC70 (A) and AC22 
(B) mice were infected with SARS-CoV as described for Fig. 1. Three 
mice from each group were sacrificed at the indicated days after in¬ 
fection for determining infectious virus titers in the lungs and brains by 
the standard infectivity assay in Vero E6 cells. The viral titers were 
expressed as log 10 TCID 50 virus per gram of tissue. Data are shown as 
means ± standard deviations for three animals at each time point, 
except for AC70 mice at day 5, where only one mouse survived the 
infection. 


tion in both Tg lineages. As shown in Fig. 4, an intense expres¬ 
sion of viral antigen was first detected in the cytoplasm of 
bronchial epithelial cells, and occasionally in alveolar epithelial 
cells, at day 1. This viral antigen subsequently spread to the 
alveolar epithelial cells at day 2 but was undetectable within 
the lungs at day 3 and day 4 p.i. for the AC70 and AC22 mice, 
respectively. In contrast to its early expression within the lungs, 
SARS-CoV N protein in the brain was not detected until day 
3 and day 4 in infected AC70 and AC22 mice, respectively (Fig. 
5). Sustained expression of viral antigen was demonstrated 
until days 5 and 10 in the brains of AC70 and AC22 mice, 
respectively. This temporal expression of viral protein in the 
brain, as detected by IHC, was largely consistent with that 
revealed by the viral infectivity titers (Fig. 3). 

Histopathological studies of the lungs did not reveal any 
obvious difference in the pulmonary pathologies between these 
two lineages, even though the infection-associated pathological 
process was faster in the AC70 than in the AC22 mice. Patho¬ 
logical changes in the lungs of both lineages started on day 1 
and were characterized by a minimal-to-mild perivascular and 
peribronchiolar inflammatory infiltration, accompanied by the 
swelling and blebbing of epithelial cells lining bronchi and 
bronchioles (Fig. 6). Such a pathological process was followed 
by the accumulation of cell debris, necrotic epithelial cells, and 
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FIG. 4. SARS-CoV antigen expression in the lungs of AC70 and AC22 mice. Paraffin-embedded lung sections of SARS-CoV-infected AC70 
mice (A to C) and AC22 mice (D to F) were analyzed for the expression of SARS-CoV nucleocapsid protein by IHC, as described in Materials 
and Methods. Profound viral infection, as indicated by the intense staining of viral antigen (red), was first detected in the cytoplasm of bronchial 
epithelial cells (A and D) at day 1, subsequently spread to the alveolar epithelial cells at day 2 (B and E), and subsided to either an undetectable 
level (C) or a lower level (F) in AC70 and AC22 mice at day 3, respectively. Original magnifications, X40. 


inflammatory cells within the bronchiolar lumen, along with 
interstitial thickening on day 2 p.i. As a consequence of re¬ 
duced cellular infiltration, the interstitial thickening gradually 
subsided on day 3 in infected AC70 mice. In contrast, intersti¬ 
tial thickening intensified in infected AC22 mice until day 4 p.i. 
and was accompanied by infiltrating macrophages, pyknotic 
cells, and necrotic cells within the alveolar spaces. Mild inflam¬ 
matory responses remained detectable in some areas of the 
lungs until day 4 and day 6 p.i for AC70 and AC22 mice, 
respectively. 

Compared to the relatively indistinguishable pulmonary pa¬ 
thologies, a substantial difference in the pathologies of the brain 
was apparent between these two Tg lineages. Specifically, perivas¬ 
cular cuffing in the meninge and brain in the absence of other 
signs of inflammation was demonstrated infrequently in some 
AC70 mice at day 3 or day 4 p.i. (Fig. 7). In contrast, prominent 
perivascular lymphocytic cuffing in the meninge was consistently 
observed in AC22 mice on day 4 and spread to the brain paren¬ 
chyma by day 5, where it was accompanied by a time-dependent 
infiltration of mononuclear cells within the central nervous system 
(CNS) until day 21 p.i., at which point the experiment was termi¬ 
nated. These results suggested that AC22 mice were superior to 
AC70 mice in mounting a full spectrum of inflammatory re¬ 
sponses upon challenge by SARS-CoV. 

Cytokine profiling of SARS-CoV-infected AC70 versus AC22 
mice. SARS pathogenesis likely stems from exuberant acute 
inflammatory responses within the lungs (23). Our results that 


revealed the differential clinical and pathological outcomes 
between AC70 and AC22 mice in response to SARS-CoV 
infection led us to profile SARS-CoV-induced cytokine re¬ 
sponses in these two Tg lineages by using BioPlex analysis. The 
results showed that AC70 mice were capable of secreting ele¬ 
vated levels of interleukin-12 p40 (IL-12p40), KC, RANTES, 
and monocyte chemoattractant protein 1 (MCP-1) in the lungs 
at at least one time point during the course of a 5-day infection, 
However, AC22 mice appeared to be more immunologically 
competent in mounting inflammatory responses, resulting in 
the production not only of the aforementioned cytokines at 
higher levels but also of three additional cytokines (IL-la, 
IL-ip, and IL-6) that were not detected in infected AC70 mice 
(Fig. 8). Other cytokines, including IL-2, IL-3, IL-4, IL-5, IL-9, 
IL-10, IL-13, IL-17, gamma interferon, and tumor necrosis 
factor alpha, were not detected. 

Cytokine responses were also measured in the brains of 
infected animals. The production of a total of 13 out of 23 
cytokines that can be measured simultaneously, including 
IL-la, IL-ip, IL-6, IL-8 (KC), IL-9, IL-10, IL-12p40, MIP- 
la, MIP-ip, MCP-1, eotaxin, granulocyte colony-stimulat¬ 
ing factor, and RANTES, was significantly induced in the 
brains of both Tg lineages at at least one time point during 
the entire course of infection (Fig. 9). Additionally, the 
kinetics and the magnitudes of the cytokine responses within 
each lineage appeared to positively correlate with the extent 
of virus replication (Fig. 3). However, there was no direct 
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FIG. 5. SARS-CoV antigen expression in the brains of AC70 and AC22 mice. The brains of infected AC70 (A to C) and AC22 (D to F) mice 
were fixed, sectioned, and processed for the staining of SARS-CoV N protein as for Fig. 3. Viral antigen could be consistently detected in many 
neuronal cells of AC70 mice from day 3 (A) and remained readily detectable at days 4 and 5 (B and C). The earliest time for detecting viral antigen 
in the neuronal cells of infected AC22 mice was day 4 (D), and it remained detectable at days 6 and 10 after infection (E and F). Original 
magnifications, X40. 


correlation between the extent of viral replication and the 
magnitude of inflammatory responses when these two Tg 
lineages were compared. Specifically, despite much higher 
viral titers (~4 log units) detected in the brains of AC70 
mice than in those of AC22 mice, such an overwhelming 
viral infection in AC70 mice failed to induce inflammatory 
cell infiltrates, a finding which was readily demonstrable in 
AC22 mice, in this organ (Fig. 7). 

Alteration of the lymphocyte subsets and ConA-induced 
proliferation of splenocytes of infected mice. Many viruses are 
capable of immunoevasion to establish their infection. The 
compromised ability of infected AC70 mice to elicit a full¬ 
blown inflammatory response in the brain led us to question 
whether SARS-CoV could induce a generalized immunosup¬ 
pression in the infected hosts. To evaluate the impact of 
SARS-CoV infection on the host immune response, both un¬ 
infected and infected AC22 and AC70 mice were sacrificed at 
days 2 and 4 p.i. for assessing the lymphocyte subsets and 
ConA-induced proliferation of splenocytes. While SARS-CoV 
infection did not result in any noticeable change in the total 
number of cells recovered and their constituents of the lym¬ 
phocyte subsets at day 2 p.i. (data not shown), it caused a 
significant reduction in the total number of splenocytes, espe¬ 
cially those of selected lymphocyte subsets, in these two lin¬ 
eages of Tg mice at day 4 p.i. compared to equivalent findings 
in uninfected mice (Table 2). Specifically, while SARS-CoV 
infection significantly reduced the number of recovered CD4 T 
cells (P = 0.005) in AC22 mice, it spared any profound impact 


on the total numbers of splenocytes, CD8 T cells, B cells, and 
non-T non-B cells. In contrast, SARS-CoV infection exerted a 
more profound impact in AC70 mice beyond significantly re¬ 
ducing the number of CD4 T cells in the spleen (P = 0.025). In 
fact, it also caused significant reductions in the total spleno¬ 
cytes (P = 0.032) and the CD8 T cells (P = 0.001). This 
marked reduction in the total numbers of T cells, especially the 
CD8 + subset, in infected AC70 mice was further underlined by 
the significantly increased CD4/CD8 ratio (P < 0.018) com¬ 
pared to that in uninfected mice. Interestingly, similar to the 
case for AC22 mice, the populations of B cells and non-T 
non-B cells in the spleens of AC70 mice were not significantly 
altered upon challenge by SARS-CoV. 

In addition to causing a striking reduction in the numbers of 
selected T-cell subsets, SARS-CoV infection significantly im¬ 
paired ConA-mediated proliferation of splenocytes of both 
AC22 and AC70 mice (P A 0.01) compared to that in unin¬ 
fected mice (Table 3; Fig. 10). Importantly, such a compro¬ 
mised ConA-mediated proliferative response observed in in¬ 
fected mice appeared to be more severe in AC70 than in AC22 
mice (P < 0.01). Because ConA is a T-cell-specific mitogen, 
the more intense defect of infected AC70 than AC22 mice in 
responding to this mitogen was consistent with the more pro¬ 
found loss of splenic T cells in infected AC70 than in AC22 
mice, i.e., 53% and 29%, respectively, compared to their un¬ 
infected controls. 

Protective role of CD8 + T cells against SARS-CoV infection 
in AC22 mice. While SARS-CoV infection drastically reduced 
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FIG. 6. Lung pathology of SARS-CoV-infected AC70 and AC22 mice. We examined paraffin-embedded, hematoxylin- and eosin-stained lung 
sections obtained from mock-infected (A) and SARS-CoV-infected AC70 (B to F) and AC22 (G to K) mice at the indicated time points after 
infection. Lung pathology in both lineages started at 1 day p.i. (dpi) (with mild mononuclear cell infiltration around blood vessels and bronchioles, 
accompanied by swelling and blebbing of epithelial cells of bronchi and bronchioles (B and G). Accumulation of cell debris within the lumen 
(arrow), interstitial thickening, and inflammatory cellular infiltrates were observed at day 2 (C and H). Peribronchial inflammation continued, as 
the damaged pneumocytes and disrupted epithelial lining were readily detectable through days 3 and 4 (B, I, E, and J) and gradually subsided 
thereafter, with a minimal-to-mild cellular infiltration observed at day 5 (F and K). Original magnifications, X20. 


the total numbers of CD4 + and CD8 + T-cell subsets in lethal¬ 
ity-susceptible Tg AC70 mice, it significantly reduced only 
CD4 + , and not CD8 + , T cells in Tg AC22 mice (Table 2). To 
determine whether this largely intact CD8 + T-cell subset might 
contribute to the relatively benign clinical and/or pathological 
phenotypes of infected AC22 mice, we infected CD8-depleted 
AC22 mice with SARS-CoV and monitored weight loss and 
the titers of infectious virus and pathology in the lungs and 
brain. As shown in Fig. 11 A, treating Tg AC22 mice with only 
two doses of anti-mouse CD8 antibody, as described in Mate¬ 
rials and Methods, was sufficient to deplete the great majority 
of CD8 T cells, compared to the numbers of these cells in 
control antibody-treated mice. Interestingly, depletion of CD8 
T cells appeared to exacerbate pulmonary infection, as evi¬ 
denced by the ~2-log-unit increase in the yields of infectious 
SARS-CoV within the lungs, but not the brain, at both days 2 
and 4 p.i. (Fig. 11B), accompanied by the more prominent 
weight loss (Fig. 11C) and profound lung pathology (Fig. 11D) 
than those elicited in control antibody-treated mice. Taken 
together, these results suggest that this CD8 + subset of T cells 
play a positive role in the host defense against SARS-CoV 
infection. 


DISCUSSION 

The data presented in this study greatly extend in at least 
seven ways our previous report concerning the differential 
pathogenesis of SARS-CoV infection in hACE2 Tg mouse 
lineages established in our laboratories (32). First, we demon¬ 
strated that among five lineages of hACE2 Tg mice, all of 
which exhibited clinical manifestations of various severity fol¬ 
lowing SARS-CoV infection, mice three lineages (AC70, 
AC50, and AC12) inevitably died within a week after infection, 
whereas mice of the other two (AC63 and AC22) eventually 
recovered from the illness without suffering any mortality (Ta¬ 
ble 1). Such a strikingly different disease outcome elicited in 
these Tg mice in response to SARS-CoV infection provides an 
ample opportunity for studying the likely impact of the com¬ 
plex virus-host interactions on the pathogenesis of SARS-CoV 
in an animal model. Second, by using hACE2 Tg AC70 and 
AC22 mice as the lethal and nonlethal models of SARS-CoV 
infection, respectively, we established the kinetics of the dis¬ 
ease course (i.e., illness score and weigh loss) and/or the rate of 
mortality (Fig. 2). These results clearly indicated that despite 
the similar onset and progression of clinical manifestations, 


Downloaded from http://jvi.asm.org/ on March 25, 2015 by GEORGIAN COURT UNIV 












5458 


YOSHIKAWA ET AL. 


J. Virol. 



/ 


FIG. 7. Brain pathology of SARS-CoV-infected AC70 and AC22 mice. Brains harvested from infected mice daily from day 1 to 5 for both 
hACE2 lineages and every 3 to 4 days thereafter were paraffin embedded, sectioned, and stained with hematoxylin and eosin. No obvious brain 
pathology was observed prior to days 3 and 4 in infected AC70 and AC22 mice, respectively. Perivascular cuffing in the meninge was observed only 
in a single infected AC70 mouse at day 3 (A). Very little pathology, if any, could be detected in the brains of infected AC70 mice thereafter (B 
[day 4] and C [day 5]). In contrast, perivacular cuffing was consistently detected in all infected AC22 mice, starting at day 4 (D). A time-dependent 
and prominent inflammatory infiltration was observed at day 6 (E). Perivascular cuffing persisted through day 21 (F), when the study was 
terminated. Original magnifications, X20. 


infected AC22 mice exhibited much milder disease than did 
infected AC70 mice and completely recovered around day 
17 p.i. Third, we showed the kinetics of replication and the 
cellular distribution of SARS-CoV within the lungs and brains, 
two of the most severely affected tissues, and identified bron¬ 
chial epithelial cells, alveolar epithelial cells, and neuronal cells 
as the main target cells of SARS-CoV infection in both lin¬ 
eages (Fig. 3 to 5). Additionally, the significant delay in de¬ 
tecting brain infection in both lineages, compared to the early 
and intense viral replication within the lungs, clearly indicated 
that SARS-CoV infection was first established in the respira¬ 
tory system before spreading to the CNS, an observation con¬ 
sistent with our previous finding and an earlier report by Mc¬ 
Cray and colleagues on hACE2 Tg mice (21, 32). However, 
after the same group presented a more thorough examination, 
they concluded that SARS-CoV enters the brains of K18- 
hACE2 Tg mice primarily via the olfactory bulb, resulting in 
extensive brain infection (22); whether this olfactory route of 
SARS-CoV entry could also be responsible for the subsequent 
intense brain infection in our Tg mice requires additional stud¬ 
ies. Fourth, while the overall lung pathologies presented the 
two lineages were largely indistinguishable (Fig. 6), the patho¬ 
logical features within the brains were markedly different with 
regard to the cellular responses, in that infected AC22 but not 
AC70 mice consistently exhibited a time-dependent infiltration 
of inflammatory cells in the brains, as revealed by the promi¬ 


nent accumulation of mononuclear cells and activation of mi¬ 
croglial cells within the CNS (Fig. 7). Fifth, despite the mini¬ 
mal cellular responses to SARS-CoV infection within the 
brains, AC70 mice were as capable as AC22 mice in producing 
elevated levels of proinflammatory cytokines and chemokines 
there in response to SARS-CoV infection (Fig. 9). However, 
AC22 mice appeared to be superior to AC70 mice in inducing 
inflammatory responses within the lungs, where there was a 
more intense secretion of an array of soluble inflammatory 
mediators, some of which were not detected in infected AC70 
mice (Fig. 8). Sixth, our results clearly demonstrated that 
SARS-CoV infection in hACE2 Tg mice can cause a general¬ 
ized suppression of host immunity, at least in part through the 
depletion of T cells (Tables 2 and 3; Fig. 10). Interestingly, the 
extent of T-cell loss, especially loss of the CD8 subset, ap¬ 
peared to positively correlate with the susceptibility of mice to 
the lethal SARS-CoV infection. Specifically, in contrast to the 
drastically reduced number of CD8 T cells in the lethality- 
sensitive AC70 mice, the number of this CD8 T-cell subset was 
basically not affected in the resistant AC22 mice. Finally, our 
study also identifies the positive role of CD8 T cells in pro¬ 
tecting AC22 mice against excessive respiratory infection and 
pathology and the onset of illness (e.g., weight loss) (Fig. 11). 

SARS has been generally recognized as an acute viral pneu¬ 
monia, with the lungs as its main pathological target. However, 
we found that SARS-CoV, like other animal and human coro- 
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FIG. 8. Kinetics of the cytokine responses in the lungs of SARS-CoV-infected AC70 and AC22 mice. Lung homogenates derived from AC70 
and AC22 mice at the indicated time points after infection were used to assess the levels of chemokines and cytokines by Bio-Plex analysis. 
Duplicate samples of individual specimens were assayed. Results are shown as means ± standard deviations for three animals at the indicated time 
points, except for day 5, at which only two AC70 mice that survived the infection were used. *, P < 0.05; **, P < 0.01 (Student’s t test, compared 
to mock-infected mice). 


naviruses, could infect the CNS in our Tg models. In fact, 
studies of brain sections obtained from SARS patients who 
died as a result of this disease have clearly demonstrated, by 
IHC, real-time PCR, in situ hybridization, and electron micros¬ 


copy, the expression of SARS-CoV exclusively within the neu¬ 
ronal cells (5, 10, 40). The susceptibility of neuronal cells to 
SARS-CoV infection has been underscored by recent studies 
using both wild-type and hACE2 Tg mice infected with either 
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FIG. 9. Kinetics of the cytokine responses in the brains of SARS-CoV-infected AC70 and AC22 mice. Homogenates of the brains harvested 
from AC70 and AC22 mice at the indicated time points after SARS-CoV infection were used to measure the expression of various cytokines and 
chemokines by Bio-Plex analysis. Duplicate samples of individual specimens were assayed. Results are shown as means ± standard deviations for 
three animals at the indicated time points, except for day 5, at which only two AC70 mice that survived the infection were used. *, P < 0.05; **, 
P < 0.01 (Student’s t test, compared to mock-infected mice). 


the clinical isolates or mouse-adapted SARS-CoV (11, 26, 29, 
35; C.-T. K. Tseng et al., unpublished data). In addition, two of 
the four human glioma cell lines tested in our laboratories 
appeared to be permissive to productive SARS-CoV infection 
(Tseng et al., unpublished data). Thus, identification of the 
neuronal cells as the major target of SARS-CoV infection in 


the brains of both lineages of Tg mice further confirmed their 
permissiveness to this CoV infection. 

Early pathological studies with lung specimens obtained 
from the patients who died of SARS and in whom the disease 
progressed slowly identified type I and II alveolar pneumocytes 
and, possibly, pulmonary macrophages as the primary targets 
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FIG. 9— Continued. 


of SARS-CoV infection (2, 24, 31). However, the possibility 
that the pathogenesis might initiate within the respiratory 
bronchioles came about due to the revelation of prominent 
bronchitis with a marked necrosis of epithelial cells, loss of 


cilia, squamous metaplasia, and fibrin deposition within the 
bronchi in the lungs of patients who died following a more 
rapid clinical course of SARS (7, 24). Furthermore, human 
primary bronchial and other ciliated airway epithelial cells 


TABLE 2. Total cell counts and lymphocyte subsets in the spleens of SARS-CoA-infected AC70 and AC22 mice and mock-infected 


control mice 


AC22 mice AC70 mice 


Cells 


No. of cells (10 6 ) or ratio" 


ph 


No. of cells (10 6 ) or ratio 


P 

Mock infection 

SARS infection 

Mock infection 

SARS infection 

Mean 

SD 

Mean 

SD 

Mean 

SD 

Mean 

SD 

Splenocytes 

130.0 

10.0 

130.0 

10.0 

0.698 

166.7 

11.5 

100.0 

28.3 

0.032 

CD4 cells 

41.4 

2.5 

25.4 

2.7 

0.005 

52.3 

3.9 

32.1 

7.5 

0.025 

CD8 cells 

19.9 

0.7 

18.1 

4.2 

0.652 

31.0 

1.9 

7.0 

0.1 

0.001 

CD4/CD8 ratio 

2.1 

0.0 

1.4 

0.3 

0.095 

1.7 

0.2 

4.6 

1.2 

0.018 

B cells 

49.4 

2.9 

58.7 

9.4 

0.278 

58.1 

1.0 

43.5 

9.6 

0.060 

Non-T non-B cells 

24.3 

1.0 

27.9 

7.5 

0.599 

25.2 

8.7 

17.4 

11.4 

0.414 

a Means and standard deviations are for three or four mice. 


h Student’s t test for mock-infected versus infected mice. 
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TABLE 3. ConA-stimulated proliferation of splenic T cells in uninfected and SARS-CoV-infected AC70 and AC22 mice 

Mock infection SARS-CoV infection 

[ 3 H]thymidine uptake (cpm) 

Stimulated Unstimulated 

cultures cultures 



Mean 

SD 

Mean 

SD 

Mean 

SD 

Mean 

SD 

Mean 

SD 

Mean 

SD 

AC70 

4,370 

1,790 

86 

39 

54 

27 

552 

246 

138 

138 

6.0 

3 

AC22 

4,700 

725 

68 

14 

70 

15 

1,845 

841 

83 

19 

24 

13 


a SI, stimulation index (cpm of ConA-stimulated cultures/cpm of unstimulated cultures). 


[ 3 H]thymidine uptake (cpm) 


Mice 


Stimulated cultures 


Unstimulated 

cultures 


have also been demonstrated, in vitro, to be permissive to 
productive SARS-CoV infection (14, 27, 34). Thus, our IHC 
study results, which revealed epithelial cells lining the respira¬ 
tory tract, especially the bronchi and bronchioles, and alveolar 
epithelial cells as the prime cells harboring SARS-CoV, led us 
to suggest that SARS-CoV infection in hACE2 Tg mice may 
induce a faster course of clinical illness, perhaps similar to that 
in SARS patients having a rapidly progressing form of the 
disease. 

SARS has been proposed to stem from exuberant innate 
inflammatory responses with diffuse alveolar damages as the 
most characteristic pathological feature (6, 7, 24). Specifically, 
SARS-CoV infection has been reported to minimally induce 
the expression of antiviral cytokines (e.g., interferons and IL- 
12p40), moderately upregulate the expression of proinflamma- 
tory cytokines (e.g., tumor necrosis factor alpha and IL-6), and 
significantly promote the production of proinflammatory che- 
mokines (e.g., MIP-la, IP-10, RANTES, and MCP-1) in pa¬ 
tients (17, 28). Elevated and prolonged expressions of chemo- 
kines (i.e., MIP-1, IP-10, CXCL8, and CXCL9) have been 


N.S. 

i-1 

p<0.01 

I-1 

p<0.01 p<0.01 

I-1 I-1 

100-1 


x 

0 



Mock SARS Mock SARS 


AC22 AC70 

FIG. 10. SARS-CoV significantly inhibits ConA-mediated prolifer¬ 
ation of T cells in infected AC70 and AC22 mice. AC70 and AC22 
mice were either uninfected or infected (i.n.) with 10 6 TCID 50 SARS- 
CoV. Splenocytes were prepared from individual mice and tested for 
their proliferation in response to ConA (2.5 |xg/ml) stimulation, as 
described in Materials and Methods. Student’s t test was used to 
determine the P values between the indicated groups for statistical 
significance. N.S., not significant. Error bars indicate standard devia¬ 
tions. 


detected not only in SARS patients but also in experimentally 
infected wild-type and lethality-sensitive hACE2 Tg mice (8, 
10, 13, 32, 35, 36, 38). In this study, we extended this observa¬ 
tion to hACE2 Tg mice that were resistant to the lethal SARS- 
CoV infection. Interestingly, while the kinetics and magnitude 
of the cytokine responses within each lineage appeared to 
positively correlate with the extent of viral replication in each 
tissue, no such correlation in the brain could be observed when 
findings for these two Tg lineages were compared. 

The cellular sources and the overall impact of these virally 
induced inflammatory mediators (Fig. 8 and 9) on the patho¬ 
genesis and/or clearance of SARS-CoV remain to be deter¬ 
mined. Neuronal cells have recently been shown to release 
abundant IL-6 in SARS-CoV-infected K18-hACE2 mice that 
rapidly succumbed to infection with minimal cellular infiltra¬ 
tion within the brain (22). Thus, the overwhelming viral infec¬ 
tion in the absence of readily detectable cellular infiltrates 
within the brains of infected AC70 mice makes neuronal cells 
and, possibly, other brain cells the likely producers of these 
inflammatory mediators within the brain. Despite the less pro¬ 
found brain infection, SARS-CoV-infected AC22 mice consis¬ 
tently showed a time-dependent infiltration of inflammatory 
cells. Thus, it is likely that infiltrating cells might effectively 
make up the shortfall of cytokine responses elicited by mod¬ 
erately infected brain cells in this Tg lineage. The ability to 
elicit an optimal acute inflammatory response is essential, not 
only to limit early microbial infections but also to ensure the 
onset of adaptive responses to effectively resolve the infections. 
However, an excess inflammatory response often leads to im- 
mune-mediated pathology and diseases. Thus, it is tempting to 
hypothesize that the highly elevated levels of inflammatory 
mediators detected in our study might contribute to exacer¬ 
bated clinical and pathological outcomes of SARS-CoV-in¬ 
fected Tg mice. While it is highly desirable to determine which 
cytokine(s), alone or in combination, is likely to be responsible 
for the onset of clinical illness and even death in infected Tg 
mice, choosing which cytokine(s) from minimums of 7 and 13 
potential candidates within the lungs and brain, respectively, is 
a major undertaking and is beyond the scope of this study. 

It has been shown that SARS-CoV infection in clinical pa¬ 
tients was accompanied by a transient, but extensive, lym¬ 
phopenia with a preferential reduction in the number of CD4 
and CD8 T cells (4, 12, 18, 39). Importantly, the severity of 
T-cell loss has been positively correlated with an adverse out¬ 
come in SARS patients. Thus, a much more pronounced T-cell 
loss in the lethality-susceptible AC70 mice than in the lethality- 
resistant AC22 mice extends this correlation to the mouse 
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FIG. 11. Exacerbated pathogenesis of SARS-CoV infection in CD8-depleted Tg AC22 mice. Two groups of Tg AC22 mice (12 mice per group) were 
subjected to multiple doses (i.p.) of rat anti-mouse CD8 monoclonal antibody and an isotype-matched irrelevant rat monoclonal antibody (as control), 
respectively, as described in Materials and Methods. They were then infected i.n. with 10 6 TCID 50 SARS-CoV. Two mice/group were sacrificed after two 
doses of antibody treatment for assessing by flow cytometry the efficacy of antibody-mediated CD8 depletion in the spleens, whereas the effect of CD8 
depletion on the pathogenesis of SARS-CoV infection was evaluated by virologic, clinical, and pathological parameters, as described in the text. Briefly, 
two additional mice were sacrificed at days 2 and 4 p.i. to allow assessment of virus infectivity and pathology in the lungs and brains, and the remaining 
mice were monitored for the onset of illness (i.e., weight loss). It appeared that a two-dose specific-antibody treatment regimen effectively depleted most 
of the CD8 + T cells from the spleens (A). SARS-CoV infection of CD8-depleted mice resulted in increased infection in the lungs, but not in the brains, 
at both days 2 and 4 p.i. (B). This was accompanied by an increased weight loss (C), as well as more pronounced histopathology and the retention of viral 
NC antigen at day 4 p.i., as revealed by hematoxylin and eosin staining and IHC, respectively (D). 


model for SARS-CoV infection. Although the underlying 
mechanism of SARS-CoV-associated lymphopenia in patients, 
as well as in the Tg mice described in this study, remains 
unclear, the absence of ACE2 expression in lymphocytes (11) 


makes the direct lysis of lymphocytes by this virus unlikely. 
Sequestration of lymphocytes in affected tissues also seems 
unlikely, at least in our AC70 mice, in which SARS-CoV in¬ 
fection failed to elicit a persistent infiltration of mononuclear 
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cells within the brain. Rather, cytokine-mediated apoptosis of 
uninfected lymphocytes may be the cause of acute lymphope¬ 
nia, as suggested by others (12, 37). In this regard, further 
investigation is needed to discern whether some of the cyto¬ 
kines that were produced by SARS-CoV-infected Tg mice 
could cause apoptosis of T cells. 

While a profound T-cell loss was readily detectable in our Tg 
mouse lineages, especially the lethality-susceptible AC70 mice, 
neither B cells nor non-T non-B lymphocytes were noticeably 
affected (Table 2), which led to the possibility that T cells were 
the preferred targets for manipulation by SARS-CoV in our Tg 
mouse model. More strikingly, in contrast to the grossly dimin¬ 
ished number of CD8 T cells in AC70 mice which rapidly 
succumbed to lethal infection, this T-cell subset was largely 
unaffected by SARS-CoV in the lethality-resistant AC22 mice, 
a finding which implied that this CD8 subset of T cells might 
have a protective role in AC22 mice against SARS-CoV infec¬ 
tion. We employed a depletion technique using rat anti-mouse 
CD8 antibody to investigate the role that CD8 + T cells might 
have. 

Elimination of most of the CD8 T cells in the spleens of 
AC22 mice resulted in an increased respiratory infection, ac¬ 
companied by more intense lung pathology, compared to that 
in control mice (Fig. 11B and D). Although CD8 + T cells were 
also effective in attenuating weight loss (Fig. 11C), we noted 
that the extent of weigh loss in infected AC22 mice treated 
with control rat IgG antibody was much less than that in un¬ 
treated mice (10 to 15% versus 35% weight loss). High-dose 
intravenous IgG has been widely used as a potent immune 
modulator for the treatment of autoimmune diseases and 
many infectious diseases. This modulation occurs most likely, 
in part, through the Fc portion of the IgG molecule (25). Thus, 
multiple i.p. injections with 50 |jig/injection of irrelevant rat 
IgG into AC22 mice might provide a yet-to-be identified im¬ 
mune regulatory mechanism in protecting against excess infec¬ 
tion and weight loss. While CD8 + T cells have a protective role 
against SARS-CoV infection, the exact mechanisms underlying 
this CD8-mediated protection in AC22 mice remain unde¬ 
fined. Because the clearance of many viral infections requires 
antigen-specific T cells, it is tempting to hypothesize that these 
protective CD8 + T cells were likely SARS-CoV specific. The 
development of primary T-cell responses in an immunocom¬ 
petent host usually takes about 4 days after an initial encounter 
with invading pathogens. Thus, the observation that a notice¬ 
able difference in the virally induced weight loss between CD8- 
depleted and control AC22 mice could not be detected until 
day 5 and continued through day 8 p.i. (Fig. 11C) might argue 
for the SARS-CoV-specific nature of these protective CD8 + T 
cells. While CD8 + T cells could attenuate the pathogenesis of 
SARS-CoV, other cellular elements of the immune system, 
especially CD4 T cells, are likely needed to provide more 
complete protection against SARS-CoV in our Tg mouse 
model. Additional studies are warranted to identify epitope- 
specific CD8 + T cells and determine the contribution of CD4 + 
T cells in the host defense against SARS-CoV in our Tg mouse 
model. 

In summary, our studies have provided cellular and molec¬ 
ular insights into the differential regulation of host immune 
responses against SARS-CoV infection in two lineages of 
hACE2 Tg mice that were either susceptible or resistant to 


lethal SARS-CoV infection. Importantly, the less severe loss of 
T cells, accompanied by the ability to recover from SARS- 
CoV-associated acute clinical illness, makes our lethality-resis¬ 
tant lineage, i.e., AC22, particularly useful for dissecting both 
the innate and adaptive arms of the host immunity against the 
SARS-CoV infection. In addition, the fatal outcome of the 
disease in AC70 mice make this lineage attractive as a stringent 
model for adoptive transfer studies aimed at evaluation of the 
molecular and cellular bases responsible for the protection 
against SARS-CoV infection. 
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